(1) Introduction
The skeletal tissues in the body are formed by either intramembranous or endochondral ossification (Gilbert, 1994) . Events that characterize endochondral bone formation include: (1) determination of mesenchymal cells to chondrogenic precursors; (2) condensation of the precursors to form pre-cartilaginous regions; (3) differentiation of chondrogenic precursors to chondrocytes, characterized by initiation of synthesis of type II collagen and cartilage-specific proteoglycans; (4) proliferation and maturation of chondrocytes; (5) calcification of the cartilage matrix; (6) invasion of the matrix by osteoclasts, osteoblasts, and hematopoietic cells; and (7) replacement of the calcified matrix by bone (Horton, 1993) . Since endochondral ossification plays a central role in the formation of the vertebrate skeleton, the numbers and shapes of the cartilaginous elements are key elements of the provisional skeleton.
A major site for intramembranous ossification is in the head. In this process, mesenchymal cells proliferate and directly differentiate into pre-osteoblasts. As these cells mature into active osteoblasts, there is a parallel increase in alkaline phosphatase activity and synthesis of bone matrix proteins, including type I collagen and osteocalcin. Osteoblasts become surrounded by the osteoid, secrete mineral, and finally assume the characteristic morphology of osteocytes embedded in the calcified bone matrix (Gilbert, 1994) . Regulated proliferation and maturation of osteoblasts are critical features of the intramembranous ossification process. Genetic, molecular biological, and cell biological investigations (Amizuka et al., 1994; Karaplis et al., 1994; Storm et al., 1994; Deng et al., 1996; Kawakami et al., 1996; Lanske et al., 1996; Storm and Kingsley, 1996; Polinkovsky et al., 1997; Su et al., 1997; Thomas et al., 1997; Zou et al., 1997; Enomoto et al., 1998) indicate that growth factors regulate both endochondral ossification and intramembranous bone formation. Recent attention has been directed at the role of hedgehog proteins in skeletal formation. Hedgehog, which was identified as a segment polarity gene in Drosophila (Lee et al., 1992; Tabata et al., 1992; Tashiro et al., 1993) , is highly conserved in vertebrates and involved in the patterning of embryos (Fietz et al., 1994) . There are at least five homologous members of the hedgehog gene family: Sonic hedgehog (Shh) (Echelard et al., 1993; Riddle et al., 1993; Marigo et al., 1995) , Indian hedgehog (Ihh) (Echelard et al., 1993; Marigo et al., 1995) , Desert hedgehog (Dhh) (Echelard et al., 1993) , Tiggy-winkle (Twhh) , and Echidna hedgehog (Ehh) (Currie and Ingham, 1996) . Of these, Shh is the most wellcharacterized gene. The Shh products are involved with (Echelard et al., 1993; Ericson et al., 1996; Johnson et al., 1994; Liem et al., 1995; Tanabe et al., 1995) . In these inductive processes, Shh is thought to be concerned with specifying progenitor cells and induction of differentiation. Shh also plays an important role in limb patterning. Shh transcripts are restrictedly localized to the posterior mesoderm of the limb bud, which overlaps with the zone of polarizing activity (ZPA) , and ectopic application of Shh to the anterior part of the limb bud induces mirror-image duplication of the digits (Echelard et al., 1993; Riddle et al., 1993) . Shh is therefore thought to be an intrinsic product of the ZPA, which detrmines the anterior-posterior axis of the limb. Chiang et al. (1996) reported that Shh-deficient mice display severe growth retardation, serious defects in the fore-and hind limbs, and complete absence of digits. This finding was surprising, since it was thought that loss of Shh function would result in simple mispatterning of the anterior-posterior limb axis. In explanation of these results, it was concluded that loss of Shh impaired the continuous production of fibroblast growth factors (FGFs) required for the distal growth of the limb in the apical ectodermal ridge (AER) Niswander et al., 1994; Tabin, 1995 (Echelard et al., 1993; Riddle et al., 1993) (Fig. la) . In contrast to Shh, the distribution of Ihh signals is closely related to cartilage-forming regions. Ihh starts to be expressed when Shh signals become weak. lhh transcripts are first detected in the pre-cartilaginous condensing mesenchyme (Iwasaki et al., 1997; Platt et al., 1997) (Fig. If) . Expression of Ihh is then up-regulated and broadly found in the entire cartilage element (Fig. 1g) , after which it becomes restricted to pre-hypertrophic chondrocytes (Vortkamp et al., , 1998 (Fig. lh) . Stone et al. (1996) showed that Shh complexes with Patched (Ptc) products, which are putative 12-transmembrane proteins (Hooper and Scott, 1989; Johnson et al., 1996) , and Smoothened (Smo) products, which are putative seven-transmembrane proteins (Alcedo et al., 1996; Stone et al., 1996) on the cell membrane. They also demonstrated that Ptc directly binds to an epitope-tagged aminoterminal Shh (Shh-N) and that Smo is unable to bind to Shh-N in the absence of Ptc (Stone et al., 1996) . Taken together with the studies in Drosophila (Chen and Struhl, 1996) , these findings suggest that Shh is recognized by the complex of Ptc and Smo, and that Smo is activated when the complex forms. Moreover, a high level of Ptc limits the constitutive activation of Shh signal by trapping Shh. Thus, Ptc appears to play two roles, as a receptor to transmit the Shh signal and as a negative regulator of Shh by restricting its activities (Chen and Struhl, 1996) . Gli gene family members are prominent candidates as targets and/or mediators of Shh signaling after the Shh signal is transduced in the cells (Marigo et al., 1996a; Dahmane et al., 1997; Lee et al., 1997) . Three closely related Gli genes-Gli(l) , Gli2, and G!i3 Ruppert et al., 1988 Ruppert et al., , 1990 Marigo et al., 1996a; Thien et al., 1996) -have been identified in vertebrates and show sequence similarity with cubitus interruptus (ci) (Orenic et al., 1990) , which is required for the activation of hedgehog signaling in Drosophila (Forbes et al., 1993) . Studies on basal cell carcinoma formation and limb development revealed that Gli( l) is a transcription factor activated by Shh and that it directly activates Ptc gene expression (Marigo et al., 1996a; Dahmane et al., 1997) , while Gli3 is a repressor of the Shh signaling pathway (Schimmang et al., 1992; Masuya et al., 1995 Masuya et al., , 1997 .
Ihh has a conserved protease cleavage site where this protein is probably processed into two fragments , and that is a common feature of hedgehogs (Lee et al., 1994; Porter et al., 1995) . The predicted amino-terminal fragment of Ihh produced by autocleavage is highly homologous to that of Shh, whereas the carboxy-terminal sequence of Ihh is substantially different . Because the amino-terminal domain is responsible for the function of hedgehog, Ihh is likely to have the same activity as Shh. Indeed, ectopic expression of Ihh in the anterior mesenchyme of the limb induces mirror-image digit duplication , as does ectopic expression of Shh. Therefore, the receptor and downstream molecules of Ihh are likely to be similar to those of Shh.
In the developing limb, there is expression of the molecules potentially mediating Shh and Ihh signals. Ptc is initially expressed close to the Shh-expressing area (Marigo et al., 1996b; Platt et al., 1997) (Fig. I i) . (Hughes et al., 1987) by the insertion of a stop codon at residue 200. Chick embryo fibroblasts (CEF) were transfected with Shh-N RCAS DNA by the calcium phosphate precipitation method (Chen and Okayama, 1987) . The collagen gel containing Shh-N-expressing CEF was transplanted intramuscularly into the inguinal region of fourweek-old athymic male mice (Kinto etal., 1997) . The transplants were removed with the surrounding tissues on day 14, fixed in 10% neutral buffered formalin, and embedded in paraffin. Sections (5 p.m) were stained with hematoxylin-eosin. As ( Fig. I j) . Subsequently, Ptc transcripts become prominent in the surrounding perichondral tissues (Vortkamp et al, , 1998 Iwasaki et al., 1997) (Fig. lk) . In contrast, Ihh transcripts become restricted to pre-hypertrophic chondrocytes, while Ptc signals remain high in the perichondral cells and low in the chondrocytes themselves (Vortkamp et al., , 1998 (Fig. 11) . It has been suggested that Smo, the presumable transmitter of Shh signals, is also involved in chondrogenesis (Akiyama et al., 1997) , but its distribution in the developing skeleton has not been determined. In the developing limb bud, all three Cli family members-Gli( I ), Gli2, and Gli3-are expressed. The expression of Gli( I) is restricted to the posterior mesoderm in early stages when Shh starts to be expressed (Fig. Im) , and later expands to the entire area in the distal domain along the anterior-posterior axis (Mo et al., 1997) . Gli(I) expression is later found in the condensing mesenchyme (Fig. In) and eventually becomes restricted to the perichondrium (Vortkamp et al., , 1998 Mo et al., 1997) (Fig. I p) . At the early stage, Gli2 and Gli3 are widely found in the undifferentiated mesenchyme of the limb except for the posterior-distal region (Mo et al., 1997; Buscher and Ruther, 1998) (Fig. Iq) , and then they become distributed to the regions surrounding the condensing mesenchyme (Mo et al., 1997) (Fig. Ir) (Fig 2) . Since Ihh has activity similar to that of Shh , it is probable that Ihh is also able to induce ectopic cartilage and bone formation. Vortkamp et al. (1996) demonstrated that ectopic expression of lhh decreases type X collagen expression, which is a marker of hypertrophic chondrocytes. They also showed that lhh misexpression up-regulates parathyroid hormone-related peptide (PTHrp) cartilage perichondrium, and that lhh and PTHrp downregulate endogenous lhh expression . Further, treatment with Shh fails to suppress type X collagen gene expression in the developing epiphyseal growth plate of mice lacking PTHrp, indicating that the action of Shh is mediated by PTHrp .
These findings suggest that the lhh-PTHrp feedback loop controls the rate of chondrocyte terminal differentiation during cartilage development. lhh expressed in prehypertrophic chondrocytes induces production of PTHrp, and the induced PTHrp inhibits the transition of proliferative chondrocytes to type X-synthesizing hypertrophic chondrocytes, and thereby inhibits early maturation of chondrocytes. The excess of lhh or PTHrp terminates overproduction of lhh and thereby reduces the PTHrp content. This negative feedback mechanism allows the chondrocytes to escape from the control by PTHrp and differentiate into hypertrophic chondrocytes. The model of the lhh-PTHrp feedback loop in cartilage differentiation indicates that the action of lhh on chondrocytes is indirect and that lhh target cells exist in the perichondrium. However, lhh may also act on chondrocytes in an autocrine manner. Scott and Choung (1997) (Nakamura et al., 1997) , which is characteristic of the hedgehog-responsive tissues Marigo et al., 1996b; Marigo and Tabin, 1996) . Like its effect on chondrogenic differentiation of RMD-I cells, BMP-2 enhances the stimulation of alkaline phosphatase activity by lhh or rShh-N proteins in C3HIOTI/2 cells (Nakamura et al., 1997 Finally, we will summarize the roles of hedgehog proteins in skeletal formation (Fig. 5 ) Because Shh does not eas-ily diffuse away from its site of synthesis (Lopez-Martinez et al., 1995) , Shh expressed in the ZPA is unlikely directly to regulate the differentiation of chondrogenic mesenchymal cells in the precartilaginous mesenchyme. Shh could support the continuous expression of FGF4 in the AER, which is necessary for r \BM the distal growth of the limb (Laufer et X al, 1994; Niswander et al., 1994 ). In contrast, as judged by the distribution of lhh, lhh could be a direct regulator of chondrogenesis. Results of the investigations into use of the two types of cultures mentioned earlier, i.e., limb bud cell cultures and chondrogenic cell line cultures, suggest that the effect of Shh-N on chondrogenesis depends on the cell populations exposed to the protein In Figure 5 . Roles c homogeneous chondrogenic cell cultures, Shh-N stimulates their differentiation, whereas in limb bud cell cultures containing heterogeneous cell populations, it has an inhibitory effect on chondrogenesis. Therefore, the actions of Ihh on chondrogenesis could be influenced by the topographical condition in vivo. From this viewpoint, lhh may play a role as a stimulator of chondrogenesis in the core of precartilaginous regions consisting of homogeneous chondrogenic mesenchymal cells. In contrast, lhh may inhibit chondrogenesis in regions of pre-cartilaginous condensation, especially at the boundary between chondrogenic cells and non-chondrogenic cells.
The findings by Vortkamp et al. Vortkamp et al, 1996) indicate that the Ihh expressed in the chondrocytes acts on the perichondral cells and induces PTHrp gene expression in these cells. The PTHrp produced by the perichondral cells could have various effects on chondrocytes, including inhibition of hypertrophy , stimulation of proteoglycan synthesis (Takigawa et al, 1980) , and stimulation of proliferation (Koike et al., 1990) . All of these effects on chondrocytes result in the increase in the size of cartilage tissues and the inhibition of calcification of the cartilage matrix. Therefore, lhh may be important in terms of regulating growth of the cartilage elements.
Shh expressed in the ZPA is unlikely to serve as a direct stimulator of osteogenesis. However, since BMP-2 and Shh/lhh enhance osteoblast differentiation (Nakamura et al, 1997) rounding the diaphysis and also stimulate replacement of calcified cartilage matrix by new bone in the metaphysis. In these cases, the local BMP molecules might also modulate the action of lhh. Further, lhh has been reported to be expressed in osteoblastic cells (Murakami et al., 1997) , and thus may regulate osteoblast differentiation in an autocrine manner Vortkamp et al. (1998) have reported that lhh is expressed in the cartilaginous callus in the repair of bone fractures. lhh expression during the healing process of a fracture may play a role in the regulation of chondrocyte differentiation and in stimulation of chondrogenic or osteogenic differentiation of the mesenchymal cells in the adjacent tissues.
(7) Concluding Remarks
This review discusses relevance of hedgehogs to skeletogenesis. The available evidence suggests that Shh and lhh are significantly involved in the induction of chondrogenic and osteogenic differentiation of mesenchymal cells and that they are also implicated in differentiation of chondrocytes and osteoblasts. Both intramembranous bone formation and endochondral ossification are regulated by a complex network of many growth factors and cytokines. Our findings and those of other investigators discussed in this review indicate that Shh/lhh could be members of this network. Currently, the function of each of the regulating molecules in skeletal formation has been considerably clarified. The next step is to ascertain the biological relationship of these molecules in skeletogenesis. Therefore, investigation on the role of Shh/lhh in skeletogenesis should be focused on which factors 10(41477 486 (19991 
